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&p.1:Abstract Multiple neuroanatomical tract-tracing meth-
ods are important tools for elucidating the connectivity
between different populations of neurons. Evaluation of
the question as to whether two specific fiber inputs con-
verge on a particular, identified population of projection
neurons requires the application of a triple-staining pro-
cedure that allows the unequivocal detection of three
markers in a single section. The present report deals with
a combination of tracing methods using anterogradely
transported Phaseolus vulgaris leucoagglutinin and bio-
tinylated dextran amine in conjunction with retrogradely
transported Fluoro-Gold. These tracers were simulta-
neously detected according to a three-color paradigm,
which includes the use of three different peroxidase sub-
strates (nickel-enhanced diaminobenzidine, diaminoben-
zidine, and Vector®VIP), thus resulting in three distinct
precipitates: black, brown, and purple. We illustrate this
method by showing convergence of projections arising
from neurons located in two separate basal ganglia-relat-
ed nuclei onto identified thalamostriatal projection neu-
rons.
&kwd:Key words Tract-tracing · PHA-L · BDA · Fluoro-Gold ·
V-VIP · Peroxidase. &bdy:
Introduction
Axonal tracers are powerful tools for the study of neuro-
nal circuits. Tract tracing allows us to study the way in
which two or more brain regions are connected. New
tools for tract tracing are continuously being developed.
In the past few years major efforts have been directed to-
ward the design of protocols combining more than one
tracer.
Several technical problems may arise when designing
protocols simultaneously combining a few tracers. First-
ly, multiple protocols have to include tracers with a simi-
lar nature (fluorescent tracers versus non-fluorescent
markers). Secondly, the need to deal with tracers with
comparable survival times is mandatory in order to avoid
difficult or repetitive surgical approaches. Axonal tracers
such as horseradish peroxidase (HRP; Kristensson et al.
1971; Mesulam 1982) or biocytin (King et al. 1989; Izzo
1991; Lachica et al. 1991; Norita et al. 1991; Sørensen et
al. 1993) only require 1 or 2 days of survival time, while
other markers such as Phaseolus vulgaris leucoaggluti-
nin (PHA-L) and biotinylated dextran amine (BDA) have
a wider spectrum of survival time (Gerfen and Saw-
chenko 1984; Ter Horst et al. 1984; Brandt and Apkarian
1992; Veenman et al. 1992; Rajakumar et al. 1993;
Reiner et al. 1993; Wouterlood and Jorritsma-Byham
1993; Lanciego and Wouterlood 1994) ranging from just
a few days to 3 weeks in the case of BDA, or even
few months when considering PHA-L (Groenewegen
and Wouterlood 1990; Wouterlood and Groenewegen
1991). The range of survival time of fluorescent tracers
(Wessendorf 1990) such as Fast Blue, Diamidino Yellow,
Fluoro-Gold (FG; Schmued and Heimer 1990) and many
others, are much more similar, but the fluorescent nature
of these dyes hampers the combination of these with oth-
er tracers. In this respect, the introduction of an excellent
antibody raised in rabbit against FG (Chang et al. 1990,
Van Bockstaele et al. 1994) opens a whole range of pos-
sibilities for the application of this tracer in combination
with other markers under standard light microscopy. An-
other source of limitations when combining axonal trac-
ers lies in the possible appearance of crossreactivity phe-
nomena between the different antisera employed to de-
tect the different markers. Many commercial antibodies
raised in a large number of animal species have already
been introduced, which makes it easier to circumvent
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crossreactivity. Finally, the number of peroxidase sub-
strates currently available is relatively small, and a few
of them are difficult to handle and are often carcinogen-
ic, or suspected to be carcinogenic, and thus quite unsafe
to be used. The recent introduction of the new peroxi-
dase substrate Vector®VIP (V-VIP; forms a purple pre-
cipitate), can be an excellent choice for circumventing
this particular problem (Zhou and Grofova 1995; Lanci-
ego et al. 1997a).
In order to elucidate the microcircuits involved in
pathways interconnecting the basal ganglia, we needed
to develop a triple-staining paradigm, combining two an-
terograde axonal tracers such as PHA-L and BDA, with
retrograde axonal tracing using FG. This sensitive proce-
dure would allow us to study the degree of convergence
of two different sets of projections, arising from two sep-
arate basal ganglia-related nuclei, within the thalamus,
and more specifically, to determine whether or not these
inputs are in contact with the thalamostriatal neurons, la-
beled retrogradely using FG. As a result of the three-col-
or paradigm described here, we are able to detect all of
these three tracers (BDA, PHA-L, and FG) in a single
section, using three different peroxidase substrates [nick-
el-enhanced diaminobenzidine (DAB-Ni), diaminobenzi-
dine (DAB), and V-VIP. A preliminary report (Lanciego
et al. 1997b) has been presented in abstract form.
Materials and methods
All experiments were carried out on female Wistar rats (n=9; body
weight 210–250 g), deeply anesthetized with an intramuscularly
injected mixture of 4 parts of Ketaset (1% of a solution of ket-
amine; Aesco, Boxtel, The Netherlands) to 3 parts of Rompun (2%
solution of xylazine, Bayer, Leverkusen, Germany). In order to
minimize animal suffering, the animals were handled at all times
according to the European Communities Council Directive
86/609/EEC. The rats were placed in a stereotaxic frame and all
the tracers were iontophoretically injected in a single surgical ses-
sion. BDA (Molecular Probes Europe, Leiden, The Netherlands)
was injected into the substantia innominata (SI; n=7) or into the
tegmental pedunculopontine nucleus (PPTg; n=2) as a 10% solu-
tion in 0.01 M phosphate buffer, pH 7.25, through a glass micropi-
pette (inner tip diameter 25–40 µm) using a positive-pulsed direct
current (7 s on/off for 10 min). Next, a 2.5% solution of PHA-L
(Vector Laboratories, Burlingame, Calif., USA) in 0.05 M TRIS-
buffered saline (TBS), pH 7.4, was delivered into the ipsilateral
substantia nigra (SN), using the same iontophoretic parameters de-
scribed above for the BDA injections. Finally, a 2% solution of FG
(Fluorochrome, Englewood, Calif., USA) in 0.1 M cacodylate
buffer, pH 7.3, was injected into the ipsilateral nucleus accumbens
(Acb, n=4) or into the ipsilateral striatum (CPu, n=5), using the
same procedure as for both BDA and PHA-L injections. Stereo-
taxic coordinates were taken from the atlas by Paxinos and Watson
(1986).
After a survival time of 7 days, the animals were deeply re-
anesthetized with an overdose of 10% chloral hydrate in distilled
water and perfused transcardially. The perfusates consisted of a
Ringer saline rinsing solution (at body temperature), immediately
followed by 1000 ml of cold fixative containing 4% paraformalde-
hyde, 0.1% glutaraldehyde, and 0.2% saturated picric acid in
0.125 M phosphate buffer, pH 7.4. After the perfusion, the skull
was opened and the brain removed and stored in a cryoprotective
solution (Rosene et al. 1986) containing 2% dimethylsulfoxide
and 20% glycerin in 0.125 M phosphate buffer, pH 7.4. Coronal
sections (40 µm thick) were obtained and collected in 0.125 M
phosphate buffer, pH 7.4.
The staining protocol described in the present paper deals with
the simultaneous detection of three tracers in a single section ac-
cording to a three-color paradigm, using three different peroxidase
substrates. Obviously, these peroxidase substrates are not tracer
specific, so one chromogen can be used for the detection of any of
these three tracers. Several attempts were made testing the optimal
chromogen for a particular marker. The procedure yielding the
best results is described below (Fig. 1).
The BDA protocol (Veenman et al. 1992) was conducted using
an ABC solution (ABC kit standard PK-4000; Vector) for 90 min
at room temperature. Next, the sections were reacted for 5–10 min
using DAB-Ni (Sigma, St. Louis, Mo., USA), resulting in a black
precipitate. DAB-Ni incubation solution was prepared by dissolv-
ing 0.2 g of nickel ammonium sulfate and 7.5 mg of DAB (Sigma)
in 50 ml of 0.05 M TRIS/HCl, pH 8. Immediately before use,
10 µl of 30% H2O2 was added. Subsequently, sections were incu-
bated in a cocktail solution of primary antisera, comprising 1:2000
goat anti-PHA-L (Vector) and 1:2000 rabbit anti-FG [Chemicon,
Temecula, Calif., USA; see Van Bockstaele et al. (1994) for more
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Fig. 1 Flow chart illustrating the various steps, antisera, and chro-
mogens used in the present study. This sequential procedure al-
lows us to detect in a single section: (1) anterogradely transported
biotinylated dextran amine (BDA), stained black using nickel-en-
hanced diaminobenzidine (DAB-Ni) as a chromogen, (2) antero-
gradely transported Phaseolus vulgaris leucoagglutinin (PHA-L),
stained brown with diaminobenzidine (DAB), and (3) retrogradely
transported Fluoro-Gold (FG), stained purple using the novel per-
oxidase substrate Vector VIP (V-VIP). (PAP Peroxidase - anti-per-
oxidase, RT room temperature) &/fig.c:
details regarding this antiserum], for 60 h at 4°C. Incubation was
continued in a solution containing 1:50 donkey anti-goat IgG
(Nordic Immunological Laboratories, Tilburg, The Netherlands)
and 1:50 swine anti-rabbit IgG (Dako, Copenhagen, Denmark) for
2 h at room temperature, and then incubated in a peroxidase-anti-
peroxidase (PAP) complex developed in goat (1:600 goat-PAP,
Nordic Immunological Laboratories) for 90 min at room tempera-
ture. The PHA-L protocol was then completed using DAB as a
chromogen. DAB solution was prepared by dissolving 5 mg of
DAB in 10 ml of 0.05 M TRIS/HCl, pH 7.6, after which 3.3 µl of
H2O2 was added. The resulting solution was filtered prior to use.
Sections were incubated in this solution for 20–40 min and in-
spected in a microscope at regular time intervals. The final step of
the FG protocol consisted of an incubation with a PAP complex
raised in rabbit (1:600 rabbit-PAP, Dako) for 90 min at room tem-
perature, followed by reaction for 5–10 min in V-VIP peroxidase
substrate (Vector). The precipitate produced by this reaction has a
purple color. V-VIP solution was prepared in 0.05 M TRIS/HCl,
pH 7.6, by using one drop of each vial (V-VIP is presented as a kit
containing four vials) to prepare 3.5 ml of working solution.
Please note that no data exist as to the long-term effects from the
use of V-VIP chromogen and as such it should be treated with the
same care given the other chromogens.Once the staining was com-
pleted, the sections were mounted on glass slides using a 2% solu-
tion of gelatin in 0.05 M TRIS/HCl pH 7.6, dried at room temper-
ature, quickly dehydrated in toluene, and coverslipped with Gurr®
(BDH Laboratory Supplies, Poole, England). Throughout the dif-
ferent incubations in the respective chromogen solutions, sections
were inspected in a microscope at 5 min intervals. All antisera
used in this procedure were diluted in 0.05 M TBS, pH 8, with
0.5% Triton X-100 (Tx; Sigma). The incubations in the primary
antisera were implemented with 2% of BSA (Merck, Darmstadt,
Germany). Extensive washing with 0.05 M TBS-Tx, pH 8, was
carried out throughout the procedure. Several rinsing steps with
0.05 M TRIS/HCl, pH 7.6, were conducted prior to and after the
reactions in the different chromogen solutions.
Results
Iontophoretic delivery of PHA-L (into the SN), BDA (in-
to the SI or PPTg), and FG (into the Acb or CPu) result-
ed in small, restricted injection sites (Fig. 2A–C). FG in-
jection sites showed the largest deposits and in all cases
it was possible to distinguish the effective uptake area
from the surrounding halo. Fibers and terminals labeled
anterogradely with PHA-L or BDA as well as FG-con-
taining neurons were found in several thalamic nuclei
(Fig. 2–H). The distribution of these projections was
similar to that reported previously (Heimer et al. 1995;
Gerfen and Wilson 1996).
The three-color paradigm used to detect the three
tracers involved in this experimental paradigm showed
an excellent quality of contrast. The colors of the related
precipitates (black, brown, and purple) finally obtained
had enough separation in the visible light spectrum to
distinguish the identity of labeled fibers and cells un-
equivocally, independent of the magnification used
(Fig. 2). According to our experimental design, the best
resolution was obtained using first the DAB-Ni chromo-
gen for the BDA stain, then the DAB substrate to com-
plete the PHA-L protocol, and finally the V-VIP sub-
strate for the detection of the FG-labeled neurons.
The degree of background stain can be considered to
be very low for a triple-staining procedure (Fig. 2), as
compared to the amount of background obtained in the
single- or double-tracing protocols of earlier experi-
ments. Two issues play key roles concerning this. Firstly,
the consequent use of BSA as a component in the incu-
bation of the primary antiserum clearly reduces the back-
ground staining, as we could appreciate by comparing
the staining quality obtained in our earlier cases (incu-
bated without BSA) with the background obtained in our
last nine cases, all of them treated with 2% BSA during
the incubation in the primary antisera. Secondly, the use
of higher dilutions of the V-VIP substrate (as compared
to the original instructions provided by the manufactur-
er), resulted in a more manageable substrate, because the
way in which the reaction progresses was slower and
thus easier to control under the microscope. Higher
amounts of non-specific background stain were noticed
when DAB-Ni was used to complete the PHA-L proto-
col, as compared to the background obtained when a reg-
ular solution of DAB was used to detect the PHA-L-la-
beled fibers.
Discussion
The recent introduction of a novel peroxidase substrate
(V-VIP, forms a purple precipitate), as well as the avail-
ability of an antibody against FG raised in rabbit (Chang
et al. 1990; Van Bockstaele et al. 1994), made it possible
to simultaneously detect in a single section anterogradely
transported BDA and PHA-L, and retrogradely transport-
ed FG according to a three-color paradigm. We applied
this paradigm with success in our studies dealing with
the convergence of inputs arising from two basal gan-
glia-related nuclei onto single, identified, thalamostriatal
projection neurons.
Trouble-shooting
Color mixing
A phenomenon that should be taken into account is the
so-called “color mixing”. This emerges as a slight insta-
bility in the color of the reaction product corresponding
to the chromogen used first, when proceeding to the in-
cubation for the second chromogen. When color mixing
occurs, there is a tendency to take the color associated
with the second chromogen in zones where the first one
has been deposited. This holds true especially in areas
with high concentrations of the first reaction product (in-
jection sites and periinjection-labeled neurons). Color
mixing can also occur with the first two chromogens of a
triple stain when a third one is added and is observed
quite often when one of the antigens requires long incu-
bations with the chromogens to be detected. The only
way to avoid this kind of phenomenon is by means of in-
spection in a microscope at regular time intervals during
the progress of the incubations in the different chromo-
gens in order to halt the reaction, just in time, before col-
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or mixing begins to appear. Another, natural possibility
for the color-mixing phenomenon is when two of three
antigens (or all three of them) are colocalized within the
same structure (for example, a neuronal soma). The pres-
ent experimental protocol ruled out this kind of color
mixing. Finally, color mixing can be induced by crossre-
actions between the different antisera used in multiple-
staining protocols, and this possibility merits special at-
tention when dealing with combinations aimed at simul-
taneously detecting three different markers. This possi-
bility seems to be very unlikely in our procedures, since
the BDA protocol was carried out with an ABC kit,
whereas the antibody against FG was prepared in rabbit
and the antibody against PHA-L was raised in goat. Sep-
arate controls showed that the rabbit and goat antisera
did not cross-react.
Background staining
This phenomenon is of crucial importance when one
aims at obtaining high technical quality in the results be-
cause it may hamper the contrast between the colors de-
rived from the different reaction products of the chromo-
gens used. The appearance of unacceptable degrees of
non-specific background stain hinders the interpretation
of the results of dual-staining protocols (Groenewegen
and Wouterlood 1990), since it may prevent correct visu-
alization of the finest structures labeled with a particular
antigen. A low level of background stain is an important
prerequisite in simultaneous triple-staining procedures.
In our experience, the most important factor in avoiding
unacceptable levels of background staining lies in stop-
ping the incubations performed with the different chro-
mogens in time. Careful microscopic control of the pro-
gress of these reactions is highly recommended because,
if such care is not taken, the background stain obtained
in the first incubation helps to enhance the background
stain obtained in the second, and both will therefore have
a multiplying effect on the background stain obtained in
the incubation with the last chromogen. Additionally, the
use of 2% BSA in the incubation media of the primary
antisera resulted in lower degrees of background stain-
ing.
Selection of the most appropriate chromogen
for a particular marker
According to the previous statements, the selection of
the chromogen which is going to be used for the detec-
tion of a particular tracer is crucial. In the present experi-
mental design we are dealing with a combination of two
fiber stains (anterograde tracing with BDA and PHA-L)
plus a stain for neuronal somata (retrograde tracing with
FG). Since V-VIP induces a slight, intrinsic degree of
non-specific background staining (Zhou and Grofova
1995; Lanciego et al. 1997a), we considered this sub-
strate to be the most appropriate for cellular stains, while
the lower background stain obtained with both DAB-Ni
and DAB made these the most suitables chromogens for
the anterograde fiber stains. Once V-VIP substrate had
been chosen for the FG stain, the next decision was the
assignment of either DAB-Ni or DAB for the detection
of PHA-L- or BDA-labeled fibers, or vice versa. The use
of DAB-Ni for the PHA-L stain always resulted in high-
er background staining, when compared to the back-
ground obtained in the PHA-L protocol when DAB was
used as a chromogen. Another possible choice consisted
of using DAB-Ni for the BDA stain, DAB to disclose
PHA-L-labeled fibers, and V-VIP for the detection of the
FG-labeled cells. This latter option allowed us to use
both primary antisera (goat anti-PHA-L and rabbit anti-
FG) together in a cocktail solution as well as to use in
sequence another cocktail solution including the second-
ary antisera (donkey anti-goat and swine anti-rabbit).
Such a procedure significantly reduced the time spent in
completing the entire triple-staining procedure (Lanciego
et al. 1997a,b; 1998). There was almost no background
stain after the use of DAB-Ni to complete the BDA pro-
tocol, probably due to the use of an ABC and the ab-
sence of any kind of antibodies involved in this histo-
chemical procedure.
Alternative protocols for triple staining
The three-color paradigm described here has been suc-
cessfully used for the simultaneous visualization of BDA
and FG in combination with the immunocytochemical
detection of the calcium-binding proteins parvalbumin or
calbindin (Lanciego et al. 1997a). Moreover, this proce-
dure can also be used for multiple neuroanatomical trac-
ing in monkeys, combining anterograde tracing with
BDA with dual retrograde tract tracing using cholera
toxin B subunit and FG (Lanciego et al. 1998). Further-
more, V-VIP substrate is characterized by a specific,
granular, electron-dense reaction product (Zhou and
Grofova 1995). Although electron microscopy is not the
primary goal of the present study, a method aimed at si-
multaneously combining BDA+PHA-L+FG (stained re-
spectively with silver-enhanced DAB, regular DAB, and
V-VIP) seems to be very attractive for further testing.
Very few protocols aimed at simultaneously detecting
three tracers have been described in the literature. Smith
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Fig. 2A–H Simultaneous detection of three tracers in a single
section according to a three-color paradigm (black, brown, and
purple). A Illustrates the FG injection site in the striatum, stained
purple using the peroxidase substrate V-VIP. B PHA-L deposit in
the substantia nigra. This anterograde tracer is detected via a PAP
method and the reaction is completed with the peroxidase sub-
strate DAB, resulting in a brown precipitate. C Photomicrograph
showing an small, restricted BDA injection site in the tegmental
pedunculopontine nucleus (PPTg). This anterograde tracer is
stained blue-black using DAB-Ni as a chromogen. D–H Thala-
mus. D Photomicrograph showing the degree of convergence of
inputs arising from PPTg (BDA-labeled fibers; black) and from
the substantia nigra (PHA-L-labeled fibers; brown) onto identified
thalamostriatal neurons (FG retrogradely labeled neurons; purple).
This sequential protocol allows us to obtain an unequivocal dis-
tinction between the three tracers, even in brain areas in which the
labeled structures overlap with a high density. Differences regard-
ing the intensity of FG-labeled neurons (light purple versus dark
purple) were probably due to different amounts of retrograde
transport. E–H Areas of D at higher magnification in order to bet-
ter illustrate the sensitivity of the present procedure. E, F An area
of overlapping territories between the PPTg projections (BDA-la-
beled fibers; blue arrows) and somatopetally FG-labeled thalamo-
striatal neurons (purple arrows). G, H Convergence of nigrotha-
lamic axons (PHA-L anterogradely labeled brown axons; brown
arrows) onto identified thalamostriatal cells (FG-labeled; purple
arrows). Bars A–C 2000 µm, D 200 µm, E, G 100 µm, F, H
50 µm &/fig.c:
and Bolam (1991, 1992) have reported a protocol com-
bining retrogradely transported WGA-HRP with antero-
gradely transported PHA-L and biocytin. These tracers
were respectively stained with TMB (blue), DAB-Ni
(blue-black), and DAB (brown). This procedure was ini-
tially designed for electron microscopy, using DAB for
the biocytin stain and BHDC for the PHA-L detection.
At the light microscopic level, the above-mentioned se-
quence of chromogens does not afford a clear distinction
of the labeled elements by color. Dolleman-Van der Weel
et al. (1995) introduced a light microscopic sequential
protocol for multiple axonal tracing, combining three an-
terograde axonal tracers including PHA-L, RDA, and
BDA, stained respectively with DAB-Ni (black reaction
product), DAB (brown precipitate), and 1-naphthol/azur
B (blue-green) as chromogens. 1-Naphthol/azur B is a
chromogen initially reported as an alternative to DAB
(Mauro et al. 1985). This protocol has two minor draw-
backs. Firstly, it may be difficult to establish an unequiv-
ocal distinction between the three different tracers in ar-
eas where the three types of fibers concur massively,
each one of them stained with a different chromogen.
Secondly, fading of 1-naphthol/azur B reaction product
occurs at room temperature, although the stain can be re-
stored by a repeat incubation with the basic dye (Mauro
et al. 1985).
The protocol presented here does not exhibit the
aforementioned problems, thus making it always possi-
ble to clearly distinguish the differently labeled struc-
tures. Additionally, the present triple staining does not
impose demands on the storage of the sections after
staining. Only some specific caution has to be exerted.
Firstly, one has to choose the most appropriate chromo-
gen for the detection of a particular marker. Secondly,
careful control under the microscope of the progress of
the reactions is crucial to avoid color mixing as well as
unacceptable degrees of background staining. Thirdly,
toluene should be used for dehydration procedures, be-
cause the V-VIP substrate is highly unstable in standard
treatment with ethanol (Zhou and Grofova 1995).
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